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Introduction
Papillomaviruses (PVs) are oncogenic viruses, which induce benign hyperproliferative lesions of the cutaneous and mucous epithelia. PV infections are usually eradicated by a cell-mediated immune response directed against viral antigens. Occasionally however in a small but sizeable minority of cases the viral lesions do not regress and progress to cancer. High risk human papillomaviruses type are the main causative factor in the development of cancer of the cervix uteri (zur Hausen, 2002) . Bovine papillomavirus type 1 and 2 (BPV-1, BPV-2) and BPV-4 are respectively involved in carcinogenesis of the urinary bladder and of the alimentary tract in cattle (Campo, 1997) . BPV-1 also induces penile papillomas that can progress to cancer (Jarrett, 1985) .
The BPV-1 genome encodes three transforming proteins, E5, E6 and E7, whereas BPV-4 does not possess an E6 gene (Jackson et al., 1991) . For both viruses E5 plays a major role in cell transformation (Jackson et al., 1991 , Venuti & Campo, 2002 .
E5 is a small hydrophobic peptide of 44 amino acid residues in BPV-1 and 42 residues in BPV-4, localised in the endomembrane compartments of the endoplasmic reticulum (ER) and Golgi apparatus (GA) of the host cell. In warts and papillomas E5 is expressed in the cytoplasm of the basal and suprabasal layers and of the spinous and squamous layers. Expression is however discontinuous (Burnett et al., 1992; Anderson et al., 1997; Araibi et al., 2004) .
Despite its small size, BPV E5 has wide pleiotropic effects. It induces growth in low serum and in suspension, prevents contact inhibition, down-regulates gap junction communication (GJIC) (for reviews, see Mattoon, 2001, and Venuti & , and references therein), induces swelling and fragmentation of the GA and vacuolisation of the cytoplasm and inhibits the expression of MHC class I on the cell surface . BPV-1 E5 interacts with, and activates, the PDGF receptor and several other kinases, including c-src; both BPV-1 and BPV-4 E5 bind 16k ductin/subunit c, a component of the gap junction and of the V0 sector of the vacuolar H + -ATPase, and prevent the acidification of the GA. Both the down-regulation of GJIC and the alkalinisation of the endomembrane compartments are ascribed to the interaction with 16k ductin/subunit c and a malfunction of the V-ATPase, but the latter is not always observed (Venuti & Campo, 2002) .
In addition to the previously described functions, here we now show that BPV-1 and BPV-4 E5 disturb the actin cytoskeleton and focal adhesions in transformed bovine cells, and increase the motility of transformed mouse cells. However, only BPV-1 E5 confers invasiveness to transformed mouse cells. respectively, in addition to the other oncogenes. They have been described before (Ashrafi et al., 2000 . Please note that 4E5 was previously called 4E8. When the two BPV E5 proteins present the same characteristics they will be referred to as E5, otherwise their provenance will be specified. E5 and BPV-4 E5 respectively and have been described before , O'Brien V. & Campo, 1998 was made in the cell monolayer with a microlance 3 needle and the cell were photographed in a phase-contrast microscope at 0, 2, 4, 6 and 8 hours after scratching.
Materials and Methods

2.1
The scratch width in the cell monolayer at 0 time was arbitrarily assigned a value of 1 and the width of each scratch at various time points was measured and expressed as a fraction of 1. At least five measurements per cell line were taken.
2.6 Invasion assays. The ability of cells to invade was measured indirectly by anchorage independence assays and by matrigel invasion. The former assays were carried out as described by Pennie et al., 1993. Briefly, cells (10 5 ) were added to 15 ml of 1% Methocel in DMEM, 30% FCS, plated in duplicate in bacterial Petri dishes and left at 37 o C for 12 days before being scored and photographed. At least three assays were performed for cell line.
Inverse invasion assays were carried out as previously described (Hennigan et al., 1994) with exceptions that reduced growth factor matrigel (BD Biosciences) was used. Single cells were seeded at 2x10 4 per Transwell and DMEM above the matrigel contained 10% FCS. Cells were stained with calcein AM (Scott et al., 2004) .
Confocal microscopy and quantitation was largely as previously described (Hennigan et al., 1994) , with exceptions that a positive pixel is defined as one with an intensity value greater than operator-defined background and that optical sections were scanned at 3 μm intervals. Only cells in the 9 μm section or above were considered invasive for quantitation purposes. A compound image of these sections was quantified (Hennigan et al., 1994 ) then normalised to the value obtained from the corresponding 0μm section as a "loading" control. Overall results were determined from three separate assays performed with duplicate samples in each, with the exception of 3T3-4E5 cells, which were only included in two assays. Up to 6 separate serial sections were quantified for each sample. Figure 1A ). These differences in cell morphology were not due to differences in expression of the various E5 proteins as both wild type E5 and its mutants were expressed at comparable levels (O'Brien V et al., 1999) . This confirmed that the abnormal morphology of the actin cytoskeleton in E5-expressing cells was due to the transforming action of E5. Furthermore, no obvious abnormalities were observed in the parental non transformed cells or in the transformed PalF-control cells ( Figure 1A ; Table 1 ).
Results
E5 disturbs and collapses the actin cytoskeleton in
3.2 E5 disturbs focal adhesions in PalF cells. The fibres of the actin cytoskeleton connect with focal adhesions (FA), structures that allow interaction between cells and substrate (Geiger et al., 2001 ). Vinculin and paxillin are both component of FA (Geiger et al., 2001) . To determine whether FA were also affected by E5, cells were stained with antibodies against vinculin or paxillin. In the parental PalF and PalFcontrol cells, vinculin was clearly located in FA at the periphery of the cell ( Figure   1B ). In the PalF-1E5 and PalF-4E5 cells vinculin was detected in internal structures, while small chain-like structures similar to focal complexes (Geiger et al., 2001) were sometimes observed at the cell periphery (Figure 1B and inset; Table 1 Table 1 ). The disruption of FA brought about by E5 is likely to contribute to the ability of the cells to grow in an anchorage independent fashion.
3.5 NIH 3T3 cells expressing BPV E5 are more motile. The cytoskeleton and the FA regulate cell shape and cell motility (Geiger et al., 2001) . Given the profusion of pseudopods, lamellipods and membrane ruffles and the absence of FA in PalF-1E5
and PalF-4E5 cells, we sought to analyse their motility in the scratch wound assay.
However, the assay could not be performed with the PalF cell lines because the cell monolayers would lift and float instead of scratching (Table 1) Figure 1A ; Table   1 ). The morphology of the 3T3-E5 cells was however less disturbed that that of PalF-E5 cells. Despite the collapse of the actin cytoskeleton, as in the PalF cells, there were no differences in the levels of actin between control and E5 cells (data not shown), and no disruption of FA was observed in the 3T3-E5 cells with either the paxillin or the vinculin antibody (data not shown; Table 1 ). In the scratch assay, the 3T3-E5 cells repopulated and closed the wound faster than control cells (Figure 4A ,B; Table 1 ), indicating that BPV E5 can increase cell motility, at least in NIH 3T3 cells. Increase motility however appears to be independent of the status of FA in NIH 3T3 cells.
3.6 NIH 3T3-1E5 cells are more invasive. Next we wished to analyse whether, in addition to increased motility, E5 transformed cells would also be more invasive. To this end we employed the three-dimensional matrigel invasion assay (Hennigan et al., 1994 , Scott et al., 2004 . Both control and PalF-E5 cells died in the matrigel and therefore their invasion ability could not be assessed (Table 1) . Thus, as for the motility assay, we performed the test on the NIH 3T3 cells. Parental 3T3-pZip cells did not invade the matrigel, whereas 3T3-1E5 cells were capable of invasion and were detected at least 9 μm from the filter ( Figure 5 ). Surprisingly however, 3T3-4E5 cells
were not capable of invading and were not detected beyond the upper surface of the filter ( Figure 5 ; Table 1 ). The inability of 3T3-4E5 cells to invade the matrigel was not due to poor E5 expression, as E5 was expressed at detectable levels (O'Brien V et al., 2001), or to death as the cells were detected on the filter ( Figure 5 ).
3.7 c-src is hyperphosphorylated in E5-expressing cells. The cellular protein c-src is a tyrosine kinase that modulates the actin cytoskeleton and cell adhesions . Activation of the catalytic activity of c-src through phosphorylation initiates a signal transduction cascade that induces adhesion turnover, actin re-modelling, cell migration and invasion (Frame, 2002 , Frame, 2004 , Frame & Brunton, 2002 . Table 1 ). On the contrary, c-src was hypophosphorylated in 3T3-4E5 cells which were incapable of invasion. Thus, a precise correlation between c-src activation and cell morphology and behaviour could not be established.
Cytoskeletal rearrangements and cell motility can be controlled by the small GTPase family members (Nobes & Hall, 1999) . We analysed levels of RhoA, Rac and Cdc42 in both PalF and 3T3 E5-expressing cells but did not find any difference with control cells (data not shown). We were unable to detect activated Rho GTPases in our cellular samples by using specific pull-down assays, and therefore the activation status of the small GTPases remains to be elucidated. Table 1 shows a summary of the characteristics of PalF and 3T3 cells.
Discussion
We describe here further characteristics of morphological cell transformation brought about by the E5 oncoproteins from one cutaneous (BPV-1) and one mucosal BPV (BPV-4) in two different cell systems, primary bovine PalF cells (the natural host of BPV) and established murine NIH 3T3 cells. While PalF cells need several viral (E5, E6 and E7) and cellular (activated ras) oncoproteins to achieve transformation (Pennie et al., 1993 , O'Brien V et al., 1999 , mouse NIH 3T3 cells can be easily transformed by a variety of agents, including BPV E5 (Schiller et al., 1986; O'Brien V & Campo, 1998) . Despite these differences, the use of the two different cell systems has provided information that could not be obtained in one system alone. The Golgi apparatus (GA) is enlarged and often fragmented, and the cytoplasm is highly vacuolated (Faccini et al., 1996; Ashrafi et al., 2000; Ashrafi et al., 2002) . We have attributed these modifications of the endomembrane compartments to their alkalinisation brought about by a malfunction of the H + V-ATPase due to the interaction between E5 and 16k subunit c, as similar changes in the GA and cytoplasm are caused in control cells by the ionophore monensin, which inhibits the proton pump . However, treatment of PalF control cells with monensin did not cause changes in FA, and the changes in actin fibres were dissimilar to those observed in E5 cells (data not shown). We therefore conclude that the rearrangement of the actin cytoskeleton and the destabilisation of the FA are caused by E5 through a different pathway(s) than the targeting of the proton pump.
E5 and
PalF cells transformed by the complete BPV-4 genome and activated ras also have a distorted shape with enlarged cytoplasm and vacuoles (Jaggar et al., 1990) . Although not experimentally proven, it is reasonable to assume that these changes are due, at least in part, to the E5 protein.
E5, cell motility and invasiveness in NIH 3T3 cells. BPV E5 induces anchorage
independence in PalF cells as described earlier (Pennie et al., 1993; O'Brien V et al., 1999) . Phosphorylation of c-src activates a signal transduction cascade that induces adhesion turnover, actin remodelling, cell migration and invasion (Frame, 2002 , Frame & Brunton, 2002 . BPV-1 E5 activates c-src in NIH 3T3 cells (Suprynowicz et al., 2002) and, in agreement with these observations, we found that c-src is hyperphosphorylated (activated) in PalF-1E5 and PalF-4E5 cells and in 3T3-1E5 cells. The activation of c-src may be due to the E5-induced alkalinisation of the GA (Schapiro et al., 2000) , as speculated by Suprynowicz et al. (2002) and may contribute to the transformed status of the cells observed here. However, c-src is not hyperphosphorylated in 3T3-4E5 cells, highlighting another difference between BPV-1 E5 and BPV-4 E5. As there is not a clear-cut correlation between c-src activation and cell morphology and behaviour, the precise consequence of c-src activation cannot be unequivocally established. The reason why BPV-4 E5 induces phosphorylation of c-src in PalF cells but not in NIH 3T3 cells is not known. It is to be noted however that BPV-4 E5 is not alone in exhibiting cell-specific effects: the oncoprotein v-fos easily transforms rodent fibroblasts but not human cells, although it makes the latter invasive (Scott et al., 2004 , and references therein).
4.4 Cell morphology and viral proteins. It is interesting that the Nef protein of HIV, with which E5 shares the ability to bind components of the H + V-ATPase and to down-regulate surface MHC class I (Kasper & Collins, 2003 , Lu et al., 1998 , also induces rearrangements of the actin cytoskeleton and the formation of lamellipodia and filopodia (Fackler et al., 1999) . Expression of SV40 small t in epithelial cells brings about similar morphological and structural changes (Nunbhakdi-Craig et al., 2003) , including the formation of numerous giant cells, as in our PalF system (Ashrafi et al., 2000 , Faccini et al., 1996 . The changes in cell shape and cytoskeleton observed in these three different viral protein systems resemble those associated with activation of small GTPases, particularly Rac (Nobes & Hall, 1999) . Indeed this is the case for Nef (Fackler et al., 1999) , and both Rac and Cdc42 are over-expressed in small t- 
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